Abstract: In studying the structure and function of Escherichia coli dipeptidyl carboxypeptidase (EcDCP), we have employed in vitro mutagenesis and subsequent protein expression to genetically dissect the enzyme in order to gain insight into the catalytic mechanism. Comparison of the amino acid sequence of EcDCP with other homologues indicates that the active site of the enzyme exhibits an HEXXH motif, a common feature of zinc metalloenzymes. The third metal binding ligand, presumed to coordinate directly to the active-site zinc ion in concert with His470 and His474 has been proposed as Glu499. Alterations to these residues completely abolished the catalytic activity against N-benzoyl-L-glycyl-L-histidyl-L-leucine. A significant loss of the enzymatic activity was also observed in F472V and F500V mutant enzymes. Intrinsic tryptophan fluorescence revealed the significant alterations of the microenvironment of aromatic amino acid residues in all mutant enzymes, whereas circular dichroism spectra were nearly identical for the tested proteins. Computer modeling suggests that residues His470, Glu471, His474, Glu499, and Phe500 are essential for EcDCP in maintaining the stable active-site environment. Taken together, these studies contribute to a more comprehensive understanding of the catalytic mechanism of the enzyme.
Introduction
The metallopeptidases of the M3 family, belonging to the gluzincin superfamily/clan MA (MEROPS data base; http://merops.sanger.ac.uk/) (Barrett 2004; Rawlings et al. 2010 ) contain a single catalytic zinc ion, which is coordinated by the two histidine imidazole side-chains of the HEXXH motif and by the sidechain of a glutamic acid residue located downstream of this motif, as typified by the bacterial zinc endopeptidase thermolysin (Matthews et al. 1972 ). This M3 family subdivides into the small subfamily M3B, whose members include only bacterial enzymes, and into the widespread subfamily M3A, which comprises a number of high-molecular mass endo-as well as exo-peptidases from bacteria, archaea, protozoa, fungi, plants, and animals. Well-known mammalian/eukaryotic M3A endopeptidases are the thimet oligopeptidase (M03.001; alias endopeptidase 3.4.24.15) (Cicilini et al. 1988) , neurolysin (M03.002; alias endopeptidase 3.4.24.16) (Checler et al. 1986) , and the mitochondrial intermediate peptidase (M03.006). The first two are intracellular enzymes, which act only on short substrates of less than 20 amino acid residues (Knight et al. 1995) , while the latter cleaves N-terminal octapeptides from proteins during their import into the mitochondria (Isaya & Kalousek 1995) . Furthermore, this subfamily contains several bacterial endopeptidases, collectively called oligopeptidases A (M03.004) as well as a large number of bacterial carboxypeptidases, the so-called dipeptidyl carbnoxypeptidases (DCP; EC 3.4.15.5).
The first DCP was isolated and characterized from Escherichia coli extracts (Yaron et al. 1972 ). According to the gene sequence (Henrich et al. 1993 ), E. coli DCP (EcDCP) consists of 680 amino acid residues, which form a 77.5 kDa active monomer. The enzymatic activity of EcDCP does not depend on chloride ions, but is blocked by 1,10-phenanthroline and by some divalent cations such as Zn 2+ , Cu 2+ or Ni 2+ (Henrich et al. 1993) . Also, the enzyme shares its substrate speci- ACCTTATTCCGTGAATTTGGTCATACGCTG  CAT→CGT  E471D  ACCTTATTCCATGATTTTGGTCATACGCTG  GAA→GAT  F472V  ACCTTATTCCATGAAGTTGGTCATACGCTG  TTT→GTT  H474R  ACCTTATTCCATGAATTTGGTCGTACGCTG  CAT→CGT  E499D  TTTGTCGACTTTCCGTCGCAAATCAACGAA  GAA→GAC  F500V  TTTGTCGAAGTTCCGTCGCAAATCAACGAA  TTT→GTT  P501A TTTGTCGAATTTGCGTCGCAAATCAACGAA GCC→GCG a Only the sense primer sequences are shown.
ficity and susceptibility to the antihypertensive drug captopril with the mammalian angiotensin I-converting enzyme, ACE, a membrane-anchored DCP playing an important role in blood pressure and salt metabolism (Houard et al.1998; Turner & Hooper 2002; Riordan 2003) . Due to this similar specificity, EcDCP had originally been put into the same enzyme nomenclature entry ("peptidyl dipeptidase A") as ACE (Barrett 2004 ).
More recently, however, EcDCP and ACE were classified as different entries due to the low level of homology between their sequences (EC 3.4.15.5 or family M3, and EC 3.4.15.1 or family M2, respectively). The three-dimensional structures of five related zinc metallopeptidases, thermolysin (Holmes & Matthews 1982) , elastase (Thayer et al. 1991) , neutral protease (Stark et al. 1992) , neurolysin (Brown et al. 2001) and EcDCP (Comellas-Bigler et al. 2005 ) have been previously solved by X-ray crystallographic analyses. In the active-site centers of these enzymes, a zinc ion is coordinated to the side-chains of three amino acid residues and a water molecule (Matthews et al. 1972; Matthews 1988; Vallee & Auld 1990a) . A zinc-binding nucleus is typically provided by two ligands separated by a short spacer of 1-3 amino acids. A third ligand away from the second one by 20-120 amino acids completes the coordination sphere with a long polypeptide loop that further aligns protein residues with the activesite zinc. A fourth residue, located between the first two ligands, subsequently forms hydrogen bonds with the water molecule, thereby enabling the oxygen to coordinate directly to the zinc ion.
Sequence comparison reveals that a number of key amino acid residues known to be involved in the catalytic mechanism of the aforementioned enzymes are conserved within a similar sequential context in the carboxyl half of EcDCP and other M3 family enzymes (Fig. 1A) . These conserved structural features include a signature HEXXH motif containing the histidine residues that represent the first and second zincbinding ligands, respectively, and a glutamate providing a hydrogen bond to the activated water molecule, and another glutamate residue (possibly representing the third zinc ligand) located 24 or 25 amino acids distal to this motif toward the C-terminus. Except for the location of the third zinc-binding ligand, a similar configuration is also evident in the primary structures of other zinc metalloenzymes, such as thermolysin (Titani et al. 1972) , bacillolysin (Sidler et al. 1986 ), EP24.11 (Malfroy et al. 1988) , pseudolysin (Fukushima et al. 1989 ), EP24.15 (Le Moual et al. 1991 and neurolysin (Dauch et al. 1995) .
Site-directed mutagenesis and kinetic analysis have provided an accurate identification of the catalytic residues of the zinc-dependent enzymes (Devault et al. 1988; Williams et al. 1994; Cummins et al. 1999) . Recently, we have over-expressed and characterized a recombinant DCP from E. coli Novablue (Chen et al. 2009 ). As a first step in a structure/function study, we wish to identify the essential catalytic residues of this enzyme. In this study, we employed site-specific mutagenesis for the experimental exploration of the catalytically essential residues of EcDCP. The results suggest that residues His470, Glu471, His474, Glu499, and Phe500 of EcDCP play important roles in the catalytic reaction of the enzyme.
Material and methods

Materials
Restriction and DNA-modifying enzymes were acquired from New England BioLabs (Beverly, MA, USA). The genomic DNA isolation kit was obtained from Promega Life Sciences (Madison, WI, USA). Taq DNA polymerase was procured from Novagen Inc. (San Diego, CA, USA). Primers were synthesized by Mission Biotechnology Inc. (Taipei, Taiwan) . Nickel nitrilotriacetate (Ni 2+ -NTA) resin was purchased from Qiagen Inc. (Valencia, CA, USA). Acrylamide, bisacrylamide, ammonium persulfate, TEMED, and lowmolecular-mass protein markers were acquired from BioRad Laboratories (Richmond, CA, USA). N-Benzoyl-Lglycyl-L-histidyl-L-leucine (HHL) and hippuric acid (HA) were purchased from Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). Trifluoroacetic acid (TFA) was procured from Merck (Darmstadt, Germany). Other chemicals were commercial products of analytical or molecular biological grade.
Site-directed mutagenesis
Mutations were introduced into pQE-EcDCP plasmid (Chen et al. 2009 ) using the Quick Change XL site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) according to the manufacturer's protocol. Two overlapping complementary primers containing the desired nucleotide changes were designed for each mutation (Table 1 ). The mutagenic PCR reaction mixture consisted of 20 mM Tris-HCl (pH 8.8), 10 mM KCl, 10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, 0.1 mg/mL nuclease-free bovine serum albumin, 10 ng of template DNA, 0.5 mM dNTPs, 1 µM each of the complementary primers, and 3 units of Pfu DNA polymerase in The amplified products were digested with 10 units of DpnI at 37
• C for 1 h, prior to their use for transformation into E. coli XL-1 Blue cells. Mutations were confirmed by DNA sequencing, which was carried out with dye terminator cycle sequencing kit and an automatic DNA sequencer (Applied Biosystems, Foster City, CA, USA).
Expression and purification of wild-type and mutant enzymes E. coli DCP1 cells (Chen et al. 2009 ) were grown in 100-mL LB medium containing 100 µg ampicillin/mL and 25 µg kanamycin/mL at 37
• C. Recombinant cells were induced at ∼0.5 OD600 with 0.5 mM isopropyl-β-thiogalactopyranoside (IPTG). After incubating at 26
• C for 12 h, bacterial cells were harvested by centrifugation at 6,000×g for 10 min. The cell pellet was washed twice with 25 mM Tris-HCl (pH 7.0) and resuspended in 3 mL of the same buffer containing 5 mM imidazole and 0.5 M NaCl. The resuspended cells were disrupted by sonication (30-s bursts for 5 min) and the cell lysate was centrifuged at 12,000×g and 4
• C for 30 min to remove the cell debris. The soluble fraction was subjected to purification under non-denaturing conditions with Ni 2+ -NTA resin according to the manufacturer's protocols. The eluate from the column was pooled and dialyzed with a 10-kDa cutoff membrane to remove salts. The purified protein was divided into aliquots and stored at −20
Gel electrophoresis and determination of protein concentration Sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with a Bio-Rad Protean III mini-gel system. The protein samples were suspended in SDS-PAGE loading buffer (5% 2-mercaptoethanol, 2% SDS, 0.1% bromophenol blue, and 10% glycerol in 50 mM Tris-HCl buffer; pH 6.8) and fractionated with a 12% separating gel. Coomassie Brilliant Blue R-250 was used to stain the proteins. The protein size markers were phosphorylase b (97.4 kDa), bovine serum albumin (66.3 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), and trypsin inhibitor (21.5 kDa).
Protein concentrations were determined using the BioRad protein assay reagent and bovine serum albumin was used as the standard.
Enzyme assay
The ability of EcDCP to cleave dipeptide from the Cterminus of HHL was determined as described previously (Wu et al. 2002) with some modifications. The reaction mixture in a total volume of 250 µL contained 30 mM universal buffer (pH 7.0), 2.5 mM HHL, 200 mM NaCl, and 20 µL of the enzyme solution at a suitable dilution. The reaction was initiated by the addition of HHL and allowed to proceed for 30 min at 37
• C. To stop the reaction, 250 µL of 1 N HCl was added and the reaction mixture was filtered with a 0.22 µm hydrophilic cartridge filter (Millipore, Bedford, MA, USA). Determination of HHL and HA concentrations was carried out using a Hitachi L-2200 series system equipped with a Jupliter 4µ Proteo 90Å column (Phenomenex Chem Co., USA) and with a constant flow rate of 1 mL/min. The mobile phase gradient was formed with solvent A (water-TFA: 99.55:0.05, v/v) and solvent B (acetonitrile-TFA:99.55:0.05, v/v). Concentration of solvent A was kept at 95% until 20 min. It was then reduced to 40% from 20 to 23 min, and returned to 95% from 26 to 31 min. The absorption was detected at 228 nm with a UV detector (L-4200 UV-Vis detector, Hitachi, Japan). External standard HHL and HA samples were prepared freshly on a daily basis and used for calculation of the concentration of these two compounds. One unit of DCP activity is defined as the amount of enzyme required to release 1 µmol of HA per minute at 37
• C. An analysis of the steady-state kinetics of EcDCP was performed at 37
• C in 50 mM Tris-HCl buffer (pH 7.0) with HHL concentrations ranging from 2.5-10 mM. Values of KM and kcat were calculated by fitting the initial rates as a function of HHL concentrations to Lineweaver-Burk double reciprocal plot.
Spectrofluorimetric and circular dichroism (CD) analyses
Fluorescence spectra of wild-type and mutant enzymes were monitored at 30
• C in a Hitachi Fluorescence Spectrophotometer F-7000 with an excitation wavelength of 280 nm, and all spectra were corrected for buffer absorption. The fluorescence emission spectra of protein samples at a concentration of 12.5 µM were recorded from 300 to 400 nm at a scan speed of 240 nm/min. The maximal peak of the fluorescence emission and the change in fluorescence intensity were used in monitoring the unfolding processes of the enzyme. Both the red shift and the change in fluorescence intensity were analyzed together using the average emission wavelength (λ) according to Eq. 1 (Royer et al. 1993) :
in which Fi is the fluorescence intensity at the specific emission wavelength (λi). Far-UV CD spectra were recorded at 22
• C on a JASCO J-815 spectropolarimeter equipped with a temperaturecontrol system cooled with liquid nitrogen. Enzyme samples were diluted in 30 mM universal buffer (pH 7.0) to a concentration of 12.5 µM. Spectral analysis was performed over the wavelength range from 190 to 250 nm in 2-mm cuvettes at 0.2-nm intervals and a bandwidth of 2.0 nm. The photomultiplier absorbance was always below 600 V in the analyzed region. Each scan was repeated ten times and an average was reported. Data were corrected for the buffer effect and the results were expressed as molar ellipticity [Θ] in the units of degrees·cm 2 ·decimol −1 according to Eq. 2:
where l represents the light path length (cm), C is the molar concentration of protein (mol/L) and Θ represents the observed ellipticity (mdeg).
Zinc determination using 4-(2-pyridylazo) resorcinol (PAR)
The protocol described for the use of PAR to determine [Zn(II)] was adapted from literature procedures (Jefferson et al. 1990 ). All dilutions of protein dialysates and reagents were performed with 50 mM HEPES/KOH buffer (pH 7.5), which has been treated with Chelex-100 in a batch mode to remove adventitious metals. Zinc(II) standards from 0 to 30 µM were prepared by dilution of a 10 mM ZnCl2 stock prepared in 50 mM HEPES/KOH buffer (pH 7.5). All Zn(II) standards contained 3% (v/v) perchloric acid (PCA). Enzyme samples were exhaustively dialyzed against 50 mM HEPES/KOH buffer (pH 7.5) and then denatured by the addition of one-tenth volume of 30% (v/v) PCA. An aliquot of each dialyzed enzyme sample was removed prior to PCA addition for subsequent determination of the enzyme concentration. Absorbance at 500 nm was measured after the addition of 950 µL of 100 µM PAR (prepared in 50 mM HEPES/KOH; pH 7.5) to 50 µL of Zn(II) standards or 50 µL of the denatured enzyme samples (adjusted to a protein concentration of 13.7 µM). The Zn(II) content of the denatured enzyme samples was determined from a standard curve of A500 vs [Zn(II)].
Preparation of apo-enzymes and activity restoration upon metal addition Apo-enzymes were prepared by incubating the purified proteins (∼12 µg/mL) for 3 h at 4
• C in 30 mM universal buffer (pH 7.0) containing 20 mM NaCl, 0.001% (v/v) Triton X-100, and 10 mM EDTA. A control was prepared by incubating the enzyme under similar conditions without EDTA. In order to examine the restoration of enzymatic activity upon metal addition, an aliquot of apo-enzyme (20 µL) was withdrawn and assayed under standard assay conditions. Three-dimensional structure modeling studies Construction of molecular models, structure optimization, and conformational analysis were carried out with the Discovery Studio software 2.0 version (Accelrys Inc., Burlington, MA, USA) using the CHARMM empirical force field (Nimlos et al. 2007 ). The three-dimensional structures of 
Results
Sequence alignment of EcDCP with other homologues
A computer-aided homology search between functional domains of EcDCP and those of thermolysin, elastase, bacillolysin, neurolysin, and neutral protease revealed conserved structural and catalytic elements. These include an HEXXH motif conserved within an active site α-helix (His470, Glu471, and His474 in EcDCP, equivalent to His473, Glu474, and His477 in EP24.15), and a glutamate residue, 25 amino acids beyond the carboxyl end of this motif (Glu499 in EcDCP, equivalent to Glu502 in EP24.15) (Fig. 1A) . Using site-directed mutagenesis of the DNA-encoding EcDCP, we prepared mutant enzymes in which the above histidine and glutamate residues were genetically substituted. Three additional residues, Phe472, Phe500 and Pro501, located within or closely to the HEXXH motif were also mutated (Fig 1B) . The close proximity of Phe500 and Pro501 to Glu499 coupled with the earlier identification of Glu502, as the third zinc ligand in EP24.15 (Cummins et al. 1999) warranted their exploration as the essential residues for the catalytic mechanism.
Characterization of wild-type and mutant enzymes Following expression and nickel-chelation affinity chromatography, wild-type and mutant enzymes were subjected to SDS-PAGE (Fig. 2) . Results indicated the purification to homogeneity and the identical molecular mass (∼75 kDa) for all enzymes. This latter result together with the equivalently high expression yields observed for wild-type and mutant enzymes would argue against errant protein folding and stability during protein expression. The assay for DCP activity with HHL indicated that the purified wild-type enzyme had a specific activity of 14.2±2.1 U/mg protein (Table 2). The specific activities for F472V and P501A 11.8 ± 3.5 1.00 ± 0.04 a The specific activity and zinc content were determined for wildtype and mutant enzymes and are reported as the average ± SD of three independent experiments; ND, not detected.
were 9.6±1.8 and 11.8±3.5 U/mg protein, respectively, whereas the activity was completely abolished in the remaining mutant enzymes. The kinetic parameters for EcDCP, F472V, and P501A were also determined. The K M and k cat values for EcDCP were 1.2 ± 0.5 mM and 174.2 ± 5.8 s −1 , respectively. Compared with the wildtype enzyme, F472V and P501A showed more than 2.7-fold increase in K M value and 0.8-fold decrease in k cat , leading to 98.1 and 87.4% reduction in the catalytic efficiency, respectively. These results suggest that residues Phe472 and Pro501 are necessary for maximal activity of the enzyme by maintaining the affinity for the substrate.
PAR analysis of the supernatants obtained after PCA denaturation of the enzyme samples that had been exhaustively dialyzed against metal-free buffer indicated that Zn(II) was present in the enzymes (Table 2). Native EcDCP contains about 1 mol of zinc per mol enzyme. F472V and P501A also have one atom of zinc for the protein molecule, whereas less than one mol of zinc per mol protein was observed in the other mutant enzymes. These results suggest that, except for F472V and P501A, the substitutions destabilize zinc coordination in the active site of the enzyme.
Structural analyses
To evaluate possible structural changes that may result from mutations, wild-type EcDCP and its mutant forms were compared using fluorescence and CD spectrometry. The wavelength of the emission maximum (λ max ) for tryptophan depends on its microenvironment. Specifically, a low polarity, hydrophobic microenvironment is characterized by λ max ≈ 331 nm, while that for tryptophan in an aqueous phase is 350∼353 nm (Burstein et al. 1973) . The tryptophan emission fluorescence spectrum for wild-type EcDCP displayed a λ max of 324 nm (Fig. 3) . The spectra of H470R, E471D, F472V, H474R, E499D, F500V, and P501A were redshifted with a peak centered at 329, 332, 329, 331, 328, 330, and 331, respectively. These results indicate that the environment of tryptophan residues is essentially altered in these mutant enzymes.
To analyze the possible effect on the secondary structure of mutant enzymes, we measured far-UV CD H470R  ND  ND  ND  ND  ND  ND  ND  ND  E471D  ND  ND  ND  ND  ND  ND  ND  ND  F472V 100 ± 4 127 ± 11 129 ± 17 116 ± 8 105 ± 6 101 ± 3 4 8± 3 5 8± 3  H474R  ND  ND  ND  ND  ND  ND  ND  ND  E499D  ND  ND  ND  ND  ND  ND  ND  ND  F500V  ND  ND  ND  ND  ND  ND  ND  ND  P501A 100 ± 3 112 ± 8 134 ± 14 121 ± 5 116 ± 7 107 ± 8 6 8± 2 6 1± 7
a The data are reported as the average ± SD of three independent experiments; ND, not detected. properties of EcDCP and its seven derivatives. The CD spectrum of wild-type EcDCP displays strong peaks of negative ellipticity at 208 and 222 nm indicative of substantial α-helical content (data not shown). The absence of major differences in the CD spectra of the wildtype and mutant enzymes suggests that the mutations had no large effect on their respective secondary structures (data not shown). Therefore, we may discard a gross change of secondary elements as the explanation for the diminished or the abolished catalytic activity of the mutant enzymes.
Effect of metal ions on wild-type and mutant enzymes
To determine if the introduction of the mutations affected the affinity of the active site for the catalytically essential metal, we treated EcDCP with EDTA and produced an enzyme species unable to catalyze the hydrolysis of HHL (Table 3 ). The addition of Zn(II), Co(II), Mn(II), or Mg(II), or Ca(II) to the EDTA-treated wildtype enzyme fully restored the activity. Partial restoration of the activity in wild-type enzyme was detected upon the addition of Cu(II), or Hg(II). The tested metals had a similar effect on the activation of EDTAtreated F472V and P501A. However, incubation of the remaining mutant enzymes with these metals afforded no significant activation. The inability to restore activity upon metal addition suggests that the apo-forms of mutant enzymes are unstable.
Active-site conformations of wild-type and mutant enzymes The three zinc-coordinating residues (His470, His474, and Glu499) of EcDCP have been shown to adopt conformations very similar to those found in other metallopeptidases (Comellas-Bigler et al. 2005) . This similarity holds true for the position of the catalytic water, which also coordinates the zinc, and the hydrogenbonded glutamate residue (Glu471) that is thought to facilitate catalysis by polarizing the water and transferring a proton to the main-chain nitrogen of the departing dipeptide (Rees & Lipscomb 1982; Monzingo & Matthews 1984) .
To elucidate the impacts of these mutations on the active-site conformation, computer modeling of the three-dimensional structure of mutant enzymes was performed on the X-ray crystal structure of EcDCP (Comellas-Bigler et al. 2005 ; PDB code: 1Y79). As shown in Figure 4 , the zinc ion is coordinated by the carboxylate oxygens of Glu471 and Glu499, and by the N-2 atom of the imidazole rings of His470 and His472. The bonding-distances between Zn and His470 NE2, Glu471 OE2, His474 NE2, and Glu499 OE1 were 2.03 ± 0.05, 2.23 ± 0.16, 2.07 ± 0.02, and 2.13 ± 0.05Å, respectively. F472V and P501A show minimal alterations in the arrangement of the active-site residues (Fig. 4) . However, there are subtle changes in the coordination environments, especially the interaction between Zn and residue 474, in the remaining mutant enzymes. This may explain why F472 and P501 displayed more than 67% relative activity, but the rest mutant enzymes had no residual activity.
Discussion
Coordination of a zinc ion within the catalytic site of metalloenzymes is typically achieved by an HEXXH motif and a third zinc ligand located toward the Cterminus of the protein at some distance from the signature motif. Many studies on zinc metalloendopeptidases of bacterial (Matthews et al. 1972; Kunugi et al. 1982; Matthews 1988; Pauptit et al. 1988; Vallee & Auld 1990a; Kawamoto et al. 1993 ) and mammalian The catalytically essential residues of E. coli DCP 405 Fig. 4 . The local modeled structures of wild-type and mutant enzymes. Residues His/Arg470, Glu/Asp471, Phe/Val472, His/Arg474, Glu/Asp499, Phe/Val500, Pro/Ala501, Trp702, and zinc ion are shown. (Devault et al. 1988 ) origin have all identified a similar role for the histidine residues within this motif, to coordinate directly to the zinc ion of active site, whereas the HEXXH glutamate has been shown to coordinate weakly to zinc via an activated water molecule, thus facilitating the acid-base catalytic mechanism. The absolute requirement of an HEXXH motif for EcDCP is evident from the present investigation.
We chose amino acid substitutions that would preserve side-chain charge and/or space-filing conformation in order to minimize substantial three-dimensional changes to the mutant protein. Glutamates were therefore substituted with aspartate (side-chain length reduction by ∼1.5Å). With respect to the proposed third zinc ligand, it is noted that Glu499 is located further downstream from the HEXXH motif of EcDCP (25 amino acids) (Fig. 1A) . A previous study showed that mutation of the third zinc ligand, Glu646, in EP24.11 to an aspartate residue resulted in a marked but incomplete decrease in catalytic activity (Le Moual et al. 1991) . However, the present study demonstrated a complete ablation of the activity following an identical substitution of the putative third zinc ligand (Glu499) in EcDCP. The greater effect on the catalytic activity of this mutation in EcDCP compared with EP24.11 can most likely be explained in terms of the distance between the second and third zinc ligands. In EcDCP, this distance is 25 amino acid residues compared with 59 residues in EP24.11. It has been postulated that the length of this spacer sequence is directly related to the flexibility of the zinc coordination sphere (Vallee & Auld 1990b) . Based on this hypothesis, one would expect the coordination sphere to be less flexible in EcDCP respective to EP24.11. Similar observations have also been reported for human ACE by Williams et al. (1994) . This research group demonstrated that substitution of the third zinc ligand in the ACE carboxyl domain (Glu987 to aspartate) virtually eliminated the enzymatic activity. Interestingly, Glu987 in ACE is situated 24 residues toward the carboxyl end succeeding the HEXXH motif comparable with the 25 amino acid residues spacing between Glu499 and His474 in EcDCP.
As a member of the M3 family enzymes, the activesite helices α16 and α17 of EcDCP provide the side chains for the coordination of the catalytic zinc ion (Comellas-Bigler et al. 2005) . In this regard, the activity restoration of EDTA-treated wild-type and mutant enzymes was investigated with HHL as the substrate (Table 3) . It is expected that the enzymatic activity could be fully restored in EcDCP, F472V, and P501A. However, the remaining mutant enzymes were not activated upon the addition of divalent metals. The inability to restore activity in H470R, E471D, H474R, E499D, and F500V is probably due to the loss of their coordination spheres. Computer modeling of the active-site structures of wild-type and mutant enzymes confirms a significant diminishment in the metal-coordination in H470R, E471D, H474R, E499D, and F500V. This might be responsible for the loss of catalytic ability of these mutant enzymes.
In conclusion, this work represents the first detailed study of the catalytic machinery of a M3 family peptidase by site-directed mutagenesis. Unlike similar investigations with other mammalian zinc metallopeptidases that address the functionality of one or two residues, we performed a comprehensive examination of seven residues postulated to function in the zinc coordination of EcDCP active site. The catalytic cores of neurolysin, EcDCP, and EP24.15 have revealed a binding site for divalent metal ions with two histidines and one glutamate as ligands (Cummins et al. 1999; Brown et al. 2001; Comellas-Bigler et al. 2005) . Our experimental data support this hypothesis and thus provide a vital key towards understanding the catalytic mechanism to the family M3 enzymes.
